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Abbreviations {#feb212652-sec-0001}
=============

**APA\>**, alternative polyadenylation

**CPSF**, cleavage and polyadenylation specificity factor

**DSE**, downstream sequence element

*dsx, doublesex*

eIFs, eukaryotic initiation factors

*fru, fruitless*

**GSC**, germline stem cell

how, held out wings

*msl‐2, male‐specific lethal‐2*

*N, Notch*

**NMD**, nonsense‐mediated mRNA decay

*nos, nanos*

**ORFs**, open reading frames

**PABP**, poly(A)‐binding protein

**PIC**, preinitiation complex

**RBPs**, RNA‐binding proteins

**RNPs**, ribonucleoprotein particles

**RRMs**, RNA‐recognition motifs

*snf, sans fille*

*Sxl, sex‐lethal*

*tra, transformer*

**Unr**, upstream of N‐ras

**uORFs**, upstream open reading frames

*vir, virilizer*

 {#feb212652-sec-0002}

In eukaryotes post‐transcriptional regulation of gene expression plays a critical role in almost all cellular processes. Regulation is mainly achieved by RNA‐binding proteins (RBPs) that recognize specific RNA elements and form ribonucleoprotein particles (RNPs) to control RNA fate from synthesis to decay. In *Drosophila melanogaster*, female development is governed by a single RNA‐binding protein, Sex‐lethal (Sxl), which controls the expression of key factors that regulate sex‐specific traits. Not surprisingly, interfering with Sxl expression in female flies is lethal, as well as its forced expression in males, which has initially led to the identification of the gene locus [1](#feb212652-bib-0001){ref-type="ref"}.

The choice whether to be male or female is made early in *Drosophila* embryogenesis by an X‐chromosome‐counting mechanism that produces functional Sxl protein only in females. Sxl expression is established in the precellular embryo through four proteins encoded on the X‐chromosome: Runt, Scute, SisA, and Unpaired. Since female *Drosophila* carry two X‐chromosomes, the gene dose for these proteins exceeds the threshold required to activate Sxl expression via the 'establishment' promoter *Pe* (which otherwise stays silent in males that carry a single X‐chromosome). Even in the absence of Sxl protein, transcripts from the *Pe* promoter are spliced in a productive fashion, giving rise to mRNAs that encode functional Sxl protein. This protein is then required to instruct productive splicing of transcripts from the maintenance promoter (*SxlPm*) which is activated later in development in both sexes. This way, Sxl establishes an autoregulatory, positive feedback loop for permanent and self‐sustained expression that commits to female development only in flies that carry two X‐chromosomes \[reviewed in 2\].

Sxl‐dependent post‐transcriptional regulation is, however, not restricted to its own transcript. It recognizes and binds to regulatory RNA sequences in numerous other transcripts to control protein expression. Among the most important targets are the *transformer* (*tra*), *Notch* (*N*), *male‐specific lethal‐2* (*msl‐2*), and *nanos* (*nos*) mRNAs which code for proteins that are involved in the regulation of female morphology and behavior, dosage compensation, and germline homeostasis [2](#feb212652-bib-0002){ref-type="ref"}, [3](#feb212652-bib-0003){ref-type="ref"}, [4](#feb212652-bib-0004){ref-type="ref"}, [5](#feb212652-bib-0005){ref-type="ref"}, [6](#feb212652-bib-0006){ref-type="ref"}, [7](#feb212652-bib-0007){ref-type="ref"}, [8](#feb212652-bib-0008){ref-type="ref"}.

Despite its many different functions, Sxl has a surprisingly simple architecture. The central part of the protein contains two RNA‐recognition motifs (RRMs) which bind to U‐rich and GU‐rich RNA sequences and which participate in protein--protein interactions. The flanking, Glycine‐rich N‐terminal domain can stabilize RNA interactions through oligomerization. In addition, it also participates in interactions with multiple different regulatory partners.

Sxl is ubiquitously expressed in females and while showing a mostly nuclear localization in somatic tissues [9](#feb212652-bib-0009){ref-type="ref"}, Sxl subcellular distribution in the germline is dynamic and more complex: in stem cells and during early differentiation, it accumulates in the cytoplasm, but redistributes to nuclei during later stages of development [10](#feb212652-bib-0010){ref-type="ref"}, [11](#feb212652-bib-0011){ref-type="ref"}.

Intriguingly, Sxl has functions in both the nucleus and the cytoplasm and acts on multiple, different levels to control splicing, polyadenylation, RNA export, and translation of its RNA targets. In this review, we will follow the path of the mRNA from synthesis and processing in the nucleus to translation in the cytoplasm, highlighting the regulatory functions of Sxl along the way. We will compare Sxl‐dependent regulation and discuss shared principles or differences in the mechanisms that it employs to control expression of its target mRNAs.

Regulation of RNA processing and export by Sxl {#feb212652-sec-0003}
==============================================

In the nucleus, Sxl has been found to associate with specific regions of nurse cell polytene chromosomes [11](#feb212652-bib-0011){ref-type="ref"} which has been attributed to the binding of nascent transcripts to regulate their fate. Nuclear functions of Sxl involve the regulation of alternative splicing, alternative polyadenylation, and RNA export. Sxl‐mediated regulation of splicing contributes to suppression of dosage compensation and elicits a female‐specific splicing cascade to govern female development \[which has been extensively reviewed elsewhere [2](#feb212652-bib-0002){ref-type="ref"}, [4](#feb212652-bib-0004){ref-type="ref"}, [6](#feb212652-bib-0006){ref-type="ref"}, [8](#feb212652-bib-0008){ref-type="ref"}, [12](#feb212652-bib-0012){ref-type="ref"}, [13](#feb212652-bib-0013){ref-type="ref"}, [14](#feb212652-bib-0014){ref-type="ref"}, [15](#feb212652-bib-0015){ref-type="ref"}\]. Sxl appears to target numerous mRNAs to regulate their splicing, as Sxl‐binding sites are predicted in the vicinity of many alternative exons that exhibit sex‐specific splicing patterns [16](#feb212652-bib-0016){ref-type="ref"}. Here, we will focus on the well‐studied, major targets of Sxl (*msl‐2*,*tra*, and *sxl* mRNA) and briefly summarize the most important aspects of Sxl‐mediated regulation of alternative splicing.

Autoregulatory splicing to enforce Sxl expression in female flies {#feb212652-sec-0004}
-----------------------------------------------------------------

The *Sxl* gene produces several sex‐specific mRNA isoforms. In male flies, in the absence of Sxl protein, splicing generates mRNAs that include exon 3. This exon contains a premature termination codon and the translation of exon 3‐containing RNAs produces a truncated, nonfunctional Sxl protein. Moreover, premature termination codons often affect RNA stability by triggering nonsense‐mediated mRNA decay (NMD) which might explain the low levels of *sxl* mRNA that can be detected in male flies [17](#feb212652-bib-0017){ref-type="ref"}.

The utilization of 'poison exons' to control protein synthesis is not limited to Sxl, but in fact many other genes encoding for splicing regulators of the SR‐protein or hnRNP family contain similar termination cassette exons that, upon inclusion in the mature mRNA, result in the production of nonfunctional peptides and accelerated RNA decay by NMD [18](#feb212652-bib-0018){ref-type="ref"}, [19](#feb212652-bib-0019){ref-type="ref"}. These exons are thought to have a homeostatic function: when the level of a respective splicing regulator protein gets too high, it promotes inclusion of the poison exon in its own mRNA. This generates an autoregulatory, negative feedback loop that maintains protein concentrations within the physiological range. Sxl employs a similar splicing‐regulatory strategy. However, Sxl‐mediated alternative splicing creates a positive feedback loop: once produced, the Sxl protein represses inclusion of the poison cassette exon to reinforce and maintain its expression in female flies [20](#feb212652-bib-0020){ref-type="ref"}, [21](#feb212652-bib-0021){ref-type="ref"}.

But how does Sxl control splicing of the poison exon in its own mRNA? Regulation is complex and involves numerous interactions between Sxl and the splicing machinery. The Sxl primary transcript contains multiple Sxl‐binding sites that surround the poison exon, the most critical ones for regulation are, however, located quite far away from the splice sites (\>200nt upstream and downstream of the poison exon) [22](#feb212652-bib-0022){ref-type="ref"}, [23](#feb212652-bib-0023){ref-type="ref"}.

Sxl can interact with components of both the U1 and U2 small nuclear ribonucleoproteins (snRNPs) that play key roles in the recognition of the 5′ and 3′ splice sites, defining the borders between exons and introns (Fig. [1](#feb212652-fig-0001){ref-type="fig"}A). An important role of the snRNP component Sans fille (Snf) in Sxl autoregulatory splicing was first established by genetic experiments, where *snf* mutants disrupted the Sxl‐positive feedback loop [10](#feb212652-bib-0010){ref-type="ref"}, [24](#feb212652-bib-0024){ref-type="ref"}, [25](#feb212652-bib-0025){ref-type="ref"}, [26](#feb212652-bib-0026){ref-type="ref"}. Snf shares homology with the mammalian U1A and U2B'' spliceosomal proteins and is an integral component of both the U1 and the U2 snRNPs [27](#feb212652-bib-0027){ref-type="ref"}, [28](#feb212652-bib-0028){ref-type="ref"}, [29](#feb212652-bib-0029){ref-type="ref"}. Sxl and Snf interact directly via their RRM domains and, at least in the case of the U1 snRNP, incorporation of Snf into snRNPs and interaction with Sxl are not mutually exclusive [30](#feb212652-bib-0030){ref-type="ref"}. As Snf is also a component of U2 snRNPs it seems likely that Sxl might establish a similar interaction with this snRNP. Moreover, Sxl can also bind to another component of the U1 snRNP, the protein U1‐70K. Functional importance of this interaction is provided by the observation that skipping of the *sxl* poison exon becomes U1‐70K dependent when Snf and Sxl levels are low [30](#feb212652-bib-0030){ref-type="ref"}. Importantly, it was demonstrated that Sxl does not interfere with the recruitment of the U1 snRNP to the 5′ splice site at the end of the poison exon [31](#feb212652-bib-0031){ref-type="ref"}. Taken together, this has fuelled the hypothesis that Sxl interacts with the U1 and U2 snRNPs that are bound to the splice sites that flank the critical exon of *sxl* mRNA. By interfering with their function in splicing, a dead‐end complex is formed and the inclusion of the poison exon in the mature mRNA is suppressed in female flies [6](#feb212652-bib-0006){ref-type="ref"}, [26](#feb212652-bib-0026){ref-type="ref"}, [32](#feb212652-bib-0032){ref-type="ref"}.

![Sxl‐mediated regulation of alternative splicing. (A) Autoregulatory splicing of *sxl* mRNA. Sxl associates with regulatory sequences that flank the alternative, male‐specific exon E3 (poison exon) to suppress its inclusion in the mature transcript. Regulation not only requires individual proteins of the m^6^A methyltransferase complex and the reader protein YT521‐B (1) but also involves direct contacts of Sxl with components of the splicing machinery (2). (B) Sxl‐dependent regulation of alternative 3′ splice site usage in *transformer* mRNA. To prevent utilization of the proximal 3′ splice site (proximal 3′ss), Sxl competes with U2AF50 for binding of a U‐rich sequence (red), diverting splicing to the distal, female‐specific splice site (♀3′ss). (C) Sxl‐mediated intron retention in the 5′ UTR of *msl‐2* mRNA. By competition for the same RNA‐binding sites, Sxl antagonizes Rox8/TIA and U2AF50 to prevent splicing.](FEB2-591-1471-g001){#feb212652-fig-0001}

In addition, via its N‐terminal domain, Sxl can also interact with SPF45, a protein with functions in DNA repair and splicing [33](#feb212652-bib-0033){ref-type="ref"}, [34](#feb212652-bib-0034){ref-type="ref"}. SPF45 is incorporated into the U2 snRNP and plays an important role in 3′ splice site selection and its activation during the second catalytic step of splicing [34](#feb212652-bib-0034){ref-type="ref"}. In female flies with reduced levels of Sxl, the deletion of the C‐terminal domain of SPF45 results in female lethality due to the inclusion of the poison exon [33](#feb212652-bib-0033){ref-type="ref"}. While interfering with Snf and U1‐70K is believed to stall splicing during the early stages [6](#feb212652-bib-0006){ref-type="ref"}, Sxl‐mediated regulation via SPF45 interferes with the second catalytic step of the splicing reaction *in vitro* [34](#feb212652-bib-0034){ref-type="ref"}. This might provide an additional layer of regulation and a fail‐safe mechanism that ensures exon skipping in female flies [30](#feb212652-bib-0030){ref-type="ref"}.

As splicing occurs cotranscriptionally, coupling between the transcription and splicing machineries can be observed---many factors involved in transcription and its regulation also influence alternative splicing \[reviewed in [35](#feb212652-bib-0035){ref-type="ref"}\]. A possible link between the transcription machinery and *sxl* alternative splicing is provided by the finding that the protein PPS (Protein Partner of Sans fille) is required for exon skipping. PPS bears homology to transcription factors and is loaded onto the Sxl primary transcript. It interacts directly with Snf and its knockout blocks Sxl autoregulation resulting in germline tumors [31](#feb212652-bib-0031){ref-type="ref"}. How PPS influences alternative splicing of the *sxl* mRNA remains to be uncovered.

Genetic analyses have revealed that the autoregulatory feedback loop of Sxl also depends on the presence of Virilizer (Vir) and Female‐lethal (2)d (Fl(2)d) [36](#feb212652-bib-0036){ref-type="ref"}, [37](#feb212652-bib-0037){ref-type="ref"}. The molecular function of both proteins long remained elusive until more recently when the mammalian orthologs were demonstrated to be subunits of the methyltransferase complex involved in N6‐methyladenosine (m^6^A) RNA modification [38](#feb212652-bib-0038){ref-type="ref"}, [39](#feb212652-bib-0039){ref-type="ref"}, [40](#feb212652-bib-0040){ref-type="ref"}. In *Drosophila*, this complex encompasses also the proteins Inducer of meiosis 4 (Ime4), dMettl14/CG7818, and Spenito (Nito) [41](#feb212652-bib-0041){ref-type="ref"} (Fig. [1](#feb212652-fig-0001){ref-type="fig"}A). Similar to Vir and Fl(2)d, depletion of other members of the methyltransferase complex impairs productive splicing of *sxl* in female flies, resulting in a bias toward male sex and typical Sxl loss‐of‐function phenotypes [41](#feb212652-bib-0041){ref-type="ref"}, [42](#feb212652-bib-0042){ref-type="ref"}, [43](#feb212652-bib-0043){ref-type="ref"}. Moreover, depletion of YT521‐B, a protein that recognizes and binds to m^6^A via its YTH domain, phenocopies the Sxl‐splicing defect and its forced expression in males results in lethality which can be rescued by the removal of Ime4 [41](#feb212652-bib-0041){ref-type="ref"}, [42](#feb212652-bib-0042){ref-type="ref"}. In sum, this supports the idea that m^6^A RNA modification plays a critical role in the regulation of *sxl* alternative splicing in female flies.

Intriguingly, m^6^A modifications appear to cluster around the Sxl‐binding sites that flank the alternative, male‐specific exon in *sxl* mRNA [42](#feb212652-bib-0042){ref-type="ref"}; and, as demonstrated by coimmunoprecipitation experiments, Sxl can interact with Vir and Fl(2)d [44](#feb212652-bib-0044){ref-type="ref"}. This raises the question whether Sxl plays a role in recruiting the methyltransferase complex to modify its own transcript and to allow for subsequent binding of YT521‐B (in this context it is interesting to note that the mammalian ortholog of Sxl, HuR, has been identified as a potential m^6^A‐binding protein [45](#feb212652-bib-0045){ref-type="ref"}, hinting that Sxl‐like proteins might also be more directly involved in m^6^A‐mediated gene regulation without the requirement for YTH domain‐containing reader proteins). As the human m^6^A reader protein YTHDC1 interacts with numerous splicing factors to control alternative RNA processing [46](#feb212652-bib-0046){ref-type="ref"}, its *Drosophila* ortholog YT521‐B might employ similar regulatory interactions---however, the details of how it contributes to exon skipping in *sxl* mRNA remain to be uncovered.

Autoregulatory splicing of *Sxl* is robust and tolerates the removal of some of the regulatory factors without compromising exon skipping. Hence, the molecular phenotypes of U1‐70K, SPF45, and YT521‐B depletion only become apparent in a genetically 'sensitized' fly background. Deletion of YT521‐B or the C‐terminal domain of SPF45 does not impact on the *sxl* splicing pattern in female flies when two functional copies of the *Sxl* gene are present. Upon removal of one *Sxl* copy, however, the autoregulatory feedback loop can no longer be established and the poison exon is retained in the *sxl* transcripts [33](#feb212652-bib-0033){ref-type="ref"}, [42](#feb212652-bib-0042){ref-type="ref"}. Similarly, exon skipping becomes U1‐70K dependent only when the levels of both Sxl and Snf are reduced [30](#feb212652-bib-0030){ref-type="ref"}. These findings are consistent with the hypothesis that multiple or redundant pathways operate in parallel to prevent exon inclusion in the mature transcript in females. Loss of one regulatory pathway can be tolerated, if the other regulatory circuits are still operational, providing robust and (almost) fail‐safe regulation of *sxl* splicing.

Sxl directs female development through regulated splicing of *transformer* mRNA {#feb212652-sec-0005}
-------------------------------------------------------------------------------

In *Drosophila*, most aspects of sexually dimorphic traits are governed by a splicing cascade that is initiated by the Sxl‐dependent alternative splicing of *tra* mRNA. Tra protein is itself a female‐specific splicing regulator that, once produced, controls splicing of *doublesex* (*dsx*) and *fruitless* (*fru*). This results in expression of the female versions of the transcription factors Dsx and Fru that control most aspects of female morphology and behavior [2](#feb212652-bib-0002){ref-type="ref"}, [4](#feb212652-bib-0004){ref-type="ref"}, [6](#feb212652-bib-0006){ref-type="ref"}, [8](#feb212652-bib-0008){ref-type="ref"}, [12](#feb212652-bib-0012){ref-type="ref"}, [13](#feb212652-bib-0013){ref-type="ref"}, [14](#feb212652-bib-0014){ref-type="ref"}.

Sxl‐mediated regulation of *tra* splicing involves usage of a pair of alternative 3′ splice sites at the end of the first intron (Fig. [1](#feb212652-fig-0001){ref-type="fig"}B). 3′ splice site recognition requires the heterodimeric splicing factor U2AF which in *Drosophila* consists of two subunits of 38 and 50 kDa. It recognizes 3′ splice site‐associated polypyrimidine tracts and stabilizes binding of the U2 snRNP during spliceosome assembly. U2AF has an \~ 100‐fold higher affinity for the pyrimidine tract of the proximal splice site [47](#feb212652-bib-0047){ref-type="ref"} and hence its utilization is favored over the distal one. Splicing to the proximal site introduces a premature translation termination codon and results in the absence of functional Tra protein in male flies.

In female flies, Sxl diverts splicing to the distal 3′ splice site to produce an mRNA with an extended open reading frame that encodes functional Tra protein. Regulation involves competition between Sxl and U2AF for binding to the 3′ splice site pyrimidine tract. Sxl has a high affinity to the proximal polypyrimidine tract (which contains two closely spaced U stretches), but does not bind to the downstream one. Therefore, it competes with U2AF only on the proximal 3′ splice site, diverting U2AF to the downstream pyrimidine tract and thus activating the weaker, distal splice site [47](#feb212652-bib-0047){ref-type="ref"}, [48](#feb212652-bib-0048){ref-type="ref"}, [49](#feb212652-bib-0049){ref-type="ref"}.

Regulation of alternative splice site choice in *tra* is not complete. The female‐specific, short RNA isoform can be detected at approximately equimolar concentrations along with the non--sex‐specific longer version. As Sxl and U2AF directly compete for binding to the proximal pyrimidine tract, the extent of regulation appears to reflect the relative abundance and activity of the two proteins---and (at least *in vitro*) Sxl‐dependent regulation can be overcome by the addition of recombinant U2AF, shifting splicing back to the proximal splice site [47](#feb212652-bib-0047){ref-type="ref"}.

The N‐terminal domain of Sxl is important for regulation of *tra* splicing as N‐terminally truncated Sxl does not support splice site switching in male flies [50](#feb212652-bib-0050){ref-type="ref"}. An explanation for this phenomenon is offered by the finding that the Sxl N‐terminal domain provides cooperativity between individual Sxl molecules upon binding to RNA regions that contain two adjacent binding sites, each consisting of a short U‐run (as in the case of the proximal pyrimidine tract of *tra*) [51](#feb212652-bib-0051){ref-type="ref"}, [52](#feb212652-bib-0052){ref-type="ref"}. Deletion of the N‐terminal domain of Sxl would therefore diminish binding to the proximal splice site of *tra* mRNA. According to the competition model, this would shift the balance toward binding of U2AF, favoring splicing to the proximal 3′ splice site. The competition model has, however, been questioned by the finding that overexpression of the N‐terminal domain of Sxl in male flies also resulted in the deregulation of *tra* splicing, promoting usage of the distal splice site by a yet unidentified mechanism [53](#feb212652-bib-0053){ref-type="ref"}.

Intriguingly, also m^6^A RNA modification has been implicated in the regulation of *tra* mRNA 3′ splice site choice as the presence of Fl(2)d promoted the Sxl‐dependent, female‐specific splicing pattern. A dose dependency could be demonstrated and *tra* alternative splicing became Fl(2)d independent when sufficient Sxl was provided [36](#feb212652-bib-0036){ref-type="ref"}. But, alike to the splicing regulation of *sxl* mRNA, it is not understood how the m^6^A RNA modification mark contributes to alternative splicing of *tra*.

Regulation of *msl‐2* alternative splicing {#feb212652-sec-0006}
------------------------------------------

Female *Drosophila* carry two X‐chromosomes (XX), while male animals only have a single one (XY). Dosage compensation occurs by hypertranscription of the single male X‐chromosome to achieve a gene dose comparable to the output of the two female X‐chromosomes \[reviewed in [3](#feb212652-bib-0003){ref-type="ref"}, [5](#feb212652-bib-0005){ref-type="ref"}, [54](#feb212652-bib-0054){ref-type="ref"}\]. Not surprisingly, assembly of an active dosage compensation complex (DCC) in female flies results in lethality and hence has to be stringently controlled [55](#feb212652-bib-0055){ref-type="ref"}. This is achieved by Sxl‐dependent, post‐transcriptional regulation of the limiting component of the DCC, *male‐specific lethal‐2* (*msl‐2*) [56](#feb212652-bib-0056){ref-type="ref"}, [57](#feb212652-bib-0057){ref-type="ref"}, [58](#feb212652-bib-0058){ref-type="ref"}. Intriguingly, *msl‐2* repression involves multiple levels of regulation including alternative splicing, nuclear retention, and translational repression that will be covered in individual chapters of this review. In sum, the combination of regulatory mechanisms ensures a robust and fail‐safe shut‐off of Msl‐2 protein synthesis, effectively preventing the assembly of a functional DCC in female flies.

Alternative splicing of *msl‐2* mRNA is regulated by Sxl and involves retention of a 5′ UTR intron (Fig. [1](#feb212652-fig-0001){ref-type="fig"}C), resulting in the expression of a female‐specific transcript that, in comparison to the male‐specific isoform, contains 133 additional nucleotides in its 5′ UTR [55](#feb212652-bib-0055){ref-type="ref"}, [59](#feb212652-bib-0059){ref-type="ref"}, [60](#feb212652-bib-0060){ref-type="ref"}. Regulation is mediated by two U‐rich stretches within the intron that are located close to the 5′‐ and 3′ splice sites [57](#feb212652-bib-0057){ref-type="ref"}, [61](#feb212652-bib-0061){ref-type="ref"}. Similar to the regulation of *tra*, Sxl exerts control over the 3′ splice site by antagonizing U2AF binding to the intronic pyrimidine tract. This is facilitated by the longer than usual distance between the polypyrimidine tract and the 3′ splice site, weakening the interaction of U2AF with the RNA and allowing efficient competition by Sxl [62](#feb212652-bib-0062){ref-type="ref"}. In addition, Sxl blocks splice site recognition at the other end of the intron by an analogous mechanism. The 5′ splice site of the *msl‐2* 5′ UTR intron is rather weak and its effective utilization depends on the protein TIA‐1 (Rox8), which promotes recruitment of the U1 snRNP [63](#feb212652-bib-0063){ref-type="ref"}, [64](#feb212652-bib-0064){ref-type="ref"}. Sxl competes with TIA‐1 for binding to the pyrimidine tract close to the 5′ splice site, preventing recruitment of the U1 snRNP to block splicing [61](#feb212652-bib-0061){ref-type="ref"}.

Sxl as a regulator of alternative polyadenylation {#feb212652-sec-0007}
-------------------------------------------------

The *enhancer of rudimentary* (*e(r)*) locus produces sex‐specific mRNA isoforms by alternative polyadenylation (APA). In male flies, polyadenylation occurs at a proximal site, while in female flies two different polyadenylation sites are utilized, resulting in RNA isoforms that differ in their 3′ UTR length [65](#feb212652-bib-0065){ref-type="ref"} (Fig. [2](#feb212652-fig-0002){ref-type="fig"}).

![Sxl‐dependent alternative polyadenylation of *enhancer of rudimentary* mRNA. Activation of the proximal poly(A) site (proximal pA) requires the binding of CstF to a downstream RNA sequence (red). Sxl can compete with and displace CstF‐64, diverting it to a downstream site. This results in activation of a distal polyA‐site (♀ pA) and an extended 3′ UTR in female flies.](FEB2-591-1471-g002){#feb212652-fig-0002}

Three Sxl‐binding sites are predicted downstream of the proximal polyadenylation site but only the first one plays an important role in polyA‐site choice. In the absence of Sxl it serves as a downstream sequence element (DSE) for polyadenylation. For this, it is bound by a subunit of the cleavage stimulation factor, CstF‐64, which promotes binding of the cleavage and polyadenylation specificity factor (CPSF) to the hexanucleotide motif of the polyadenylation signal, thus promoting the utilization of the proximal polyadenylation site.

In female flies, Sxl competes with CstF‐64 for binding to the RNA sequence element, reducing the utilization of the proximal polyadenylation site. This results in activation of a downstream polyadenylation site and production of a mature transcript with a longer 3′ UTR that retains the Sxl‐binding motifs. Translation of RNAs with this longer, female‐specific UTR is markedly reduced in comparison to reporters that bear the short 3′ UTR of *e(r)* [65](#feb212652-bib-0065){ref-type="ref"}. It is tempting to speculate that, alike to *msl‐2*, Sxl might also employ two regulatory pathways for the control of E(r) expression: Sxl‐mediated regulation of APA results in retention of its binding sites in the mature mRNA that then might serve Sxl‐dependent translational control in the cytoplasm.

Intriguingly, regulation of *e(r)* APA is germline specific: despite the presence of Sxl in somatic tissues, only the short mRNA isoform can be detected [65](#feb212652-bib-0065){ref-type="ref"}. This suggests that additional factors might be involved in the Sxl‐dependent regulation of *e(r)* APA.

The role of Sxl in How‐dependent nuclear retention of *msl‐2* mRNA {#feb212652-sec-0008}
------------------------------------------------------------------

As described above, Sxl blocks the splicing of the 5′ UTR intron of *msl‐2* mRNA in female flies. The retained intron harbors two Sxl‐binding sites that are important for translational repression in the cytoplasm (see below), as well as flanking sequences that contain two binding sites for the protein Held out wings (How) [66](#feb212652-bib-0066){ref-type="ref"}. How is a member of the STAR family of RNA‐binding proteins that have been implicated in various aspects of RNA metabolism, including splicing, RNA localization, RNA stability, and translation. Depletion of the protein from *Drosophila* cells, however, does neither affect Sxl‐dependent *msl‐2* mRNA splicing, nor translational repression but rather results in nuclear retention of the RNA to prevent Msl‐2 protein synthesis in the cytoplasm [66](#feb212652-bib-0066){ref-type="ref"}. Sxl and How interact directly and both proteins can associate with *msl‐2* mRNA independently of each other. Efficient nuclear retention of the *msl‐2* mRNA, however, requires both factors and it has been proposed that they exert function by blocking binding of a yet unidentified factor required for RNA export [66](#feb212652-bib-0066){ref-type="ref"}.

Cytoplasmic Sxl as a regulator of translation {#feb212652-sec-0009}
=============================================

Besides its nuclear functions, Sxl can also operate in the cytoplasm to control mRNA translation. Sxl‐binding sites are common and the protein associates with many mRNA species and probably regulates translation of numerous transcripts including its own mRNA [16](#feb212652-bib-0016){ref-type="ref"}, [50](#feb212652-bib-0050){ref-type="ref"}, [55](#feb212652-bib-0055){ref-type="ref"}, [65](#feb212652-bib-0065){ref-type="ref"}, [67](#feb212652-bib-0067){ref-type="ref"}, [68](#feb212652-bib-0068){ref-type="ref"}. Here, we will focus on three mRNA targets which exemplarily highlight the diversity of Sxl‐mediated translational regulation. These transcripts encode proteins involved in dosage compensation (Msl‐2), germline maintenance (Nanos), and aspects of sexual dimorphism (Notch) [56](#feb212652-bib-0056){ref-type="ref"}, [57](#feb212652-bib-0057){ref-type="ref"}, [58](#feb212652-bib-0058){ref-type="ref"}, [68](#feb212652-bib-0068){ref-type="ref"}, [69](#feb212652-bib-0069){ref-type="ref"}.

Eukaryotic translation is complex and can be divided into three subsequent steps---translation initiation, elongation, and termination/recycling. In most cases translation initiation is the rate‐limiting step and target of many regulatory pathways \[reviewed in [70](#feb212652-bib-0070){ref-type="ref"}\]. It requires, besides the two ribosomal subunits, 12 eukaryotic initiation factors (eIFs) to assemble an elongation‐competent 80S ribosome on an initiation codon. Most mRNAs are translated by the scanning mechanism \[reviewed in [71](#feb212652-bib-0071){ref-type="ref"}\] that involves linear inspection of the mRNA sequence in the 5′ to 3′ direction by a ribosomal preinitiation complex (PIC) in order to identify a suitable initiation codon and to subsequently trigger ribosomal subunit joining and peptide synthesis. Recruitment of the PIC to the mRNA is stimulated by two RNA features that interact functionally: the 5′ cap structure and the poly(A) tail. A 'closed‐loop' structure is established through interaction of the cap‐binding complex eIF4F (consisting of eIF4e, 4G, and 4A) with the poly(A)‐binding protein (PABP) that are bound to the mRNA cap and poly(A) tail, respectively.

Initiation codon selection by the scanning PIC depends not only on complementarity with the anticodon of the initiator tRNA (Met‐tRNA~i~) but also on the sequence environment surrounding the potential initiation codon. Skipping of codons in a poor context in favor of translation initiation at a downstream site (a process termed 'leaky scanning') is commonly encountered in eukaryotes, as well as translation of open reading frames (ORFs) other than the annotated main ORF \[reviewed in [72](#feb212652-bib-0072){ref-type="ref"}\]. This also includes translation of upstream open reading frames (uORFs) that can affect and regulate the translation of downstream ORFs by a variety of mechanisms \[reviewed in [73](#feb212652-bib-0073){ref-type="ref"}\].

It was found that Sxl employs two different mechanisms to regulate translation initiation: 1) it can prevent recruitment of the PIC to the mRNA and 2) it can control the activity of a uORF to prevent scanning PICs from reaching the physiologically relevant main ORF [67](#feb212652-bib-0067){ref-type="ref"}, [74](#feb212652-bib-0074){ref-type="ref"}, [75](#feb212652-bib-0075){ref-type="ref"}.

Suppression of dosage compensation by Sxl‐mediated translational control of *msl‐2* mRNA {#feb212652-sec-0010}
----------------------------------------------------------------------------------------

*msl‐2* mRNA carries six Sxl‐binding sites (denoted A‐ to F‐site) located in its 5′ leader and 3′ trailer sequences. Two of the binding sites (A‐ and B‐site) are located within the 5′ untranslated region (UTR) facultative intron, which is spliced out in male flies, but retained in females (see above); four additional Sxl‐binding motifs are found in the 3′ UTR [56](#feb212652-bib-0056){ref-type="ref"}, [57](#feb212652-bib-0057){ref-type="ref"}, [58](#feb212652-bib-0058){ref-type="ref"}. The 5′ Sxl‐binding sites are longer than their 3′ counterparts (U~11~ and U~16~ versus U~9~ and U~7~) and are also involved the regulation of alternative splicing and nuclear retention (see above). The two most 3′ Sxl‐binding sites (E‐ and F‐sites) are each flanked by a binding site for the protein Upstream of N‐ras (Unr) [76](#feb212652-bib-0076){ref-type="ref"}, [77](#feb212652-bib-0077){ref-type="ref"}. Translational repression does not require all of the Sxl‐binding sites and a construct that carries the 5′ B‐site and the 3′ E‐ and F‐sites is fully active in repression [75](#feb212652-bib-0075){ref-type="ref"}, [78](#feb212652-bib-0078){ref-type="ref"}.

Intriguingly, Sxl employs two regulatory mechanisms with mutually reinforcing blocks to translation initiation to establish tight control of Msl‐2 protein expression [74](#feb212652-bib-0074){ref-type="ref"}, [75](#feb212652-bib-0075){ref-type="ref"}, [78](#feb212652-bib-0078){ref-type="ref"} (Fig. [3](#feb212652-fig-0003){ref-type="fig"}A). The regulatory pathway that operates via the 5′ UTR differs mechanistically from regulation via the 3′ UTR and targets a different step of translation initiation [74](#feb212652-bib-0074){ref-type="ref"}. Here, Sxl bound to the 5′ regulatory element activates a short upstream open reading frame to prevent scanning ribosomal subunits from reaching the initiation codon of the Msl‐2 coding region. Regulation cannot be simply explained by a roadblock model, where Sxl binds in the path of ribosomes to prevent scanning, as replacing Sxl by another high‐affinity RNA‐binding protein does not fully recapitulate regulation. Importantly, mapping of the RNA sequences that are minimally required for repression via this pathway allowed bioinformatic prediction of further Sxl target RNAs and suggested that this type of Sxl‐mediated regulation is not unique to *msl‐2* mRNA [67](#feb212652-bib-0067){ref-type="ref"}. However, the exact mechanism of how Sxl controls initiation at upstream open reading frames to prevent downstream translation remains unknown, and attempts to identify molecular targets or potential corepressors that might be involved in 5′ regulation were so far unsuccessful.

![Sxl controls translation of its targets by multiple mechanisms. (A) Translational repression of *msl‐2* mRNA involves two blocks to translation initiation. Bound to the 3′ UTR regulatory elements, Sxl recruits the corepressor protein UNR (1). Unr interacts directly with the polyA‐binding protein (PABP) to prevent recruitment of ribosomal preinitiation complexes (43S PIC) to the 5′ end of the RNA. Ribosomes escaping this first regulatory mechanism are then challenged by additional molecules of Sxl bound to the 5′ UTR that prevent scanning ribosomes from reaching the *msl‐2* open reading frame (2) (modified from \[84\]). (B) Translational repression of *nanos* mRNA in the female germline depends on a U‐rich RNA element in the 3′ UTR of the RNA (shown in red). Besides Sxl, the proteins Mei‐P26, Bam, and Bgcn are required for regulation and all four proteins appear to form a complex to repress translation by a yet unknown mechanism.](FEB2-591-1471-g003){#feb212652-fig-0003}

Regulation via the 3′ Sxl‐binding sites of *msl‐2* mRNA targets an earlier step of translation initiation by interfering with stable association of small ribosomal subunits with the RNA [75](#feb212652-bib-0075){ref-type="ref"}. In addition, this regulatory pathway critically requires the corepressor protein Upstream of N‐ras (Unr) and its depletion abolishes regulation via the 3′ UTR. Unr is an RNA‐binding protein itself that associates with many RNAs in a sex‐specific fashion which is mostly attributed to sex‐specific differences in the UTRs of its target genes [79](#feb212652-bib-0079){ref-type="ref"}. However, in the case of *msl‐2*, Unr stably associates with the mRNA only in the presence of Sxl [76](#feb212652-bib-0076){ref-type="ref"}, [77](#feb212652-bib-0077){ref-type="ref"}, [80](#feb212652-bib-0080){ref-type="ref"}. Hence, in male flies, where Sxl is absent, Unr does not bind the 3′ UTR of the *msl‐2* transcript and cannot affect its translation.

Unr has five cold shock nucleic acid‐binding domains (CSDs) but only the first one is required for complex formation with Sxl and *msl‐2* mRNA [81](#feb212652-bib-0081){ref-type="ref"}. It can interact with Sxl in solution even in the absence of nucleic acids; however, stable association can only be observed in the presence of RNA [76](#feb212652-bib-0076){ref-type="ref"}. Recent structural analyses of the Sxl‐Unr‐*msl‐2* repressive complex have revealed the basis of the highly synergistic binding behavior. Association of Sxl with the more 5′ nucleotides of *msl‐2* RNA occurs in a manner that is comparable to Sxl bound to a fragment of *tra* pre‐mRNA. In the presence of UNR, an extended stretch of *msl‐2* mRNA is specifically recognized (compare Fig. [4](#feb212652-fig-0004){ref-type="fig"}A,B) [82](#feb212652-bib-0082){ref-type="ref"}, [83](#feb212652-bib-0083){ref-type="ref"}. Upon association with both Sxl and Unr, the *msl‐2* region downstream of the canonical Sxl‐binding site becomes sandwiched between the two proteins and wraps around the side of RRM1 of Sxl to establish additional contacts (Fig. [4](#feb212652-fig-0004){ref-type="fig"}B). A set of ternary interactions is formed that resemble a 'triple zipper' where all three components of the complex participate in mutual interactions, explaining the extraordinary cooperativity in complex formation [83](#feb212652-bib-0083){ref-type="ref"}. This intimate association of Sxl, Unr, and *msl‐2* mRNA and the synergistic binding behavior allows for the formation of a specific and highly stable repressor complex to interfere with translation.

![Structural insights into Sxl function. (A) Sxl bound to the proximal pyrimidine tract of *tra* mRNA \[[82](#feb212652-bib-0082){ref-type="ref"}; PDB: [1B7F](http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1B7F)\]. The two RRMs of Sxl (gray) specifically recognize the U‐rich pyrimidine tract of *tra* mRNA (green). RNA contacts are mostly established with the beta‐sheet surfaces of the two RRMs. (B) Structure of the Sxl‐Unr repressor complex bound to a fragment of *msl‐2* mRNA \[[83](#feb212652-bib-0083){ref-type="ref"}; PDB: [4QQB](http://www.rcsb.org/pdb/search/structidSearch.do?structureId=4QQB)\]. Binding of Sxl (gray) to the 3′ UTR regulatory elements of *msl‐2* mRNA (green) occurs in a manner comparable to recognition of *tra* mRNA. Upon binding of Unr (cold shock domain 1, shown in orange), additional, ternary contacts are formed that involve the side of RRM1 of Sxl and allow specific recognition of an extended stretch of the RNA.](FEB2-591-1471-g004){#feb212652-fig-0004}

But how does translational regulation occur and which of the proteins acts as repressor? Insight comes from tethering experiments that exploit the specific interaction of a phage‐derived peptide with a well‐characterized RNA motif. By fusing the phage‐derived peptide to either Sxl or Unr, the individual proteins can be artificially recruited to reporter RNAs that carry target sites for the peptide in the 3′ UTR, circumventing formation of the entire repressor complex. Sxl shows no detectable activity upon tethering to a 3′ UTR [80](#feb212652-bib-0080){ref-type="ref"}. This suggests that either important functional interactions are disturbed upon tethering of the protein, or that it cannot act as a direct repressor of translation via the 3′ UTR‐binding sites and that its primary function in 3′ UTR‐mediated repression of *msl‐2* lies rather in the assembly of the regulatory complex. In contrast, tethered Unr represses translation even in the absence of Sxl, demonstrating that it can act as a *bona fide* translational regulator. While complex assembly on *msl‐2* involves mostly CSD1 of Unr, repressor activity requires a larger portion of the protein, including the two N‐terminal CSDs [81](#feb212652-bib-0081){ref-type="ref"}.

Regulation via the 3′ trailer of *msl‐2* mRNA further requires the poly(A) tail of the RNA; and a direct protein--protein interaction between *Drosophila* Unr and the poly(A)‐binding protein (PABP) could be demonstrated [84](#feb212652-bib-0084){ref-type="ref"}. PABP plays an important role during translation initiation by mediating the functional interaction of the poly(A) tail and the 5′ cap structure of the RNA to form a 'closed‐loop' conformation. For this, poly(A) tail‐bound PABP interacts with the scaffolding protein, eIF4G, which in turn stabilizes cap‐bound eIF4E, establishing a physical interaction between the two RNA termini that stimulates translation initiation. However, 'closed‐loop' formation was unaffected in repressed *msl‐2* ribonucleoproteins, demonstrating that regulation by Sxl and Unr targets ribosome binding after PABP‐mediated recruitment of eIF4G and 4E by a yet unknown mechanism [84](#feb212652-bib-0084){ref-type="ref"}.

Controlling cell fate by translational silencing of *nos* {#feb212652-sec-0011}
---------------------------------------------------------

In the female ovaries, the tip of each germarium houses a small number of germline stem cells (GSCs). Signaling by the surrounding tissue defines a stem cell niche that helps to maintain GSC fate by preventing differentiation. The GSCs cycle in mitosis and after cell division the two daughter cells adopt a different fate: one cell remains in the stem cell niche to replenish the pool of GSCs (self‐renewal), whereas the other cell moves out of the niche and differentiates into a cystoblast (CB). The CB then undergoes four synchronous cell divisions with incomplete cytokinesis to form a cyst of 16 interconnected cells, one of which will develop into the oocyte \[reviewed in [7](#feb212652-bib-0007){ref-type="ref"}\]. Changes in the fine balance between self‐renewal and differentiation result in female sterility, either by GSC loss (failure to self‐renew) or by failure to differentiate into oocytes.

Tissue homeostasis in the female germline requires Sxl and its ablation results in the lack of differentiation, overproliferation of immature CBs, and germline tumor formation [85](#feb212652-bib-0085){ref-type="ref"}, [86](#feb212652-bib-0086){ref-type="ref"}, [87](#feb212652-bib-0087){ref-type="ref"}, [88](#feb212652-bib-0088){ref-type="ref"}. Recently, *nanos* (*nos*) mRNA could be identified as a target of Sxl‐mediated translational repression in the female germline [69](#feb212652-bib-0069){ref-type="ref"}. The Nos protein is itself a translational repressor, that, together with its partner Pumilio (Pum), represses translation of differentiation genes to allow self‐renewal of GSCs [89](#feb212652-bib-0089){ref-type="ref"}, [90](#feb212652-bib-0090){ref-type="ref"}, [91](#feb212652-bib-0091){ref-type="ref"}. Hence, females mutant for *nos* exhibit a phenotype 'opposite' to Sxl and (besides other phenotypes) loose GSCs by differentiation, resulting in empty ovaries [92](#feb212652-bib-0092){ref-type="ref"}. In order to maintain germline homeostasis, Nos is expressed in GSCs where it is involved in the maintenance of stemness---in cells exiting the stem cell niche, however, *nos* needs to be transiently repressed by Sxl to trigger differentiation. It is interesting to note that *nos* mRNA is presumably not the only Sxl target in the female germline: inappropriate expression of Nos in the progeny of GSCs is necessary for tumor growth but does neither suffice to trigger malignant transformation nor to block differentiation [69](#feb212652-bib-0069){ref-type="ref"}, [93](#feb212652-bib-0093){ref-type="ref"}.

The *nos* transcript contains three Sxl‐binding motifs, but only a single one located in the 3′ UTR appears to be of relevance for Sxl‐mediated translational control (Fig. [3](#feb212652-fig-0003){ref-type="fig"}B) and its mutation mitigates regulation [69](#feb212652-bib-0069){ref-type="ref"}. Importantly, Sxl alone appears not to be sufficient for *nos* translational regulation: GSCs express Nos protein despite the presence of high levels of Sxl [7](#feb212652-bib-0007){ref-type="ref"}, [69](#feb212652-bib-0069){ref-type="ref"}. This suggests that---similar to repression via the 3′ UTR of *msl‐2* that strictly depends on the co‐repressor Unr (see above) [76](#feb212652-bib-0076){ref-type="ref"}, [77](#feb212652-bib-0077){ref-type="ref"}, [80](#feb212652-bib-0080){ref-type="ref"}---other factors might be involved in the regulation of *nos* translation. However, unlike in *msl‐2*, the *nos* mRNA has no identifiable Unr‐binding site adjacent to the Sxl‐binding motif (own, unpublished observations). Therefore, it appears unlikely that a Sxl‐Unr repressor complex can be formed on *nos* RNA. But if Unr does not participate in the regulation of *nos* translation together with Sxl, which other corepressors are then involved in translational control?

Besides Sxl, three additional proteins are likely to participate directly in the repression of *nos* mRNA in the female germline: Bag of marbles (Bam), Benign gonial cell neoplasm (Bgcn), and Meiotic‐P26 (Mei‐P26) [85](#feb212652-bib-0085){ref-type="ref"}, [93](#feb212652-bib-0093){ref-type="ref"}, [94](#feb212652-bib-0094){ref-type="ref"} (Fig. [3](#feb212652-fig-0003){ref-type="fig"}B). Mutants in either gene result in de‐repression of *nos,* causing germline differentiation defects to varying degrees [85](#feb212652-bib-0085){ref-type="ref"}, [95](#feb212652-bib-0095){ref-type="ref"}, [96](#feb212652-bib-0096){ref-type="ref"}, [97](#feb212652-bib-0097){ref-type="ref"}, [98](#feb212652-bib-0098){ref-type="ref"}, [99](#feb212652-bib-0099){ref-type="ref"}, [100](#feb212652-bib-0100){ref-type="ref"}, [101](#feb212652-bib-0101){ref-type="ref"}. Multiple interactions are reported between the individual proteins. Bgcn, which shows homology to DExD‐box ATP‐dependent RNA helicases but lacks critical amino acids important for ATPase and helicase function [100](#feb212652-bib-0100){ref-type="ref"}, binds the C‐terminal region of Bam [93](#feb212652-bib-0093){ref-type="ref"}, [94](#feb212652-bib-0094){ref-type="ref"}. Furthermore, Bgcn can interact with Mei‐P26, a protein of the TRIM‐NHL family of RNA‐binding proteins, which in turn can coimmunoprecipitate Sxl [94](#feb212652-bib-0094){ref-type="ref"}. Hence, all four proteins might form a complex to transiently repress *nos* translation and to initiate differentiation of stem cells into cystoblasts.

More recently also the deadenylase Twin (*Drosophila* CCR4) was implicated in GSC self‐renewal and differentiation [102](#feb212652-bib-0102){ref-type="ref"}. It interacts with Bam through N‐terminal Leucine‐rich repeats [102](#feb212652-bib-0102){ref-type="ref"}, but it remains unclear whether it plays a direct role in *nos* translational regulation. Depletion of Twin impacts on Bam expression levels [102](#feb212652-bib-0102){ref-type="ref"}, therefore, the Twin differentiation phenotype might be caused by reduced levels of Bam in the absence of Twin.

In sum, *nos* translational control by Sxl differs dramatically from repression of *msl‐2* mRNA. Repression of *msl‐2* mRNA is long‐lasting and needs to persist throughout the lifetime of females in order to prevent toxicity from DCC formation. In contrast, Sxl‐dependent repression of *nos* translation is transient and needs to be precisely modulated as it occurs only during differentiation from GSCs to early cysts. In later cysts Nos protein is again detectable and regulation switches to a Sxl‐independent mechanism that ensures spatial and temporal control of Nos protein expression in the developing embryo. Hence, Nos post‐transcriptional regulation is complex, involves several layers of regulation and different regulatory factors \[reviewed in [103](#feb212652-bib-0103){ref-type="ref"}, [104](#feb212652-bib-0104){ref-type="ref"}\].

Despite being intensively studied using *in vitro* systems, cultured cells, and flies [56](#feb212652-bib-0056){ref-type="ref"}, [57](#feb212652-bib-0057){ref-type="ref"}, [58](#feb212652-bib-0058){ref-type="ref"}, [77](#feb212652-bib-0077){ref-type="ref"}, [105](#feb212652-bib-0105){ref-type="ref"}, so far only a single corepressor protein has been identified to be required for *msl‐2* mRNA translational regulation [76](#feb212652-bib-0076){ref-type="ref"}, [77](#feb212652-bib-0077){ref-type="ref"}, [80](#feb212652-bib-0080){ref-type="ref"}. In the case of *nos* translational control, at least three additional proteins (Bam, Bgcn, and Mei‐P26) appear to form a repressive complex with Sxl to directly contribute to regulation [69](#feb212652-bib-0069){ref-type="ref"}, [93](#feb212652-bib-0093){ref-type="ref"}, [94](#feb212652-bib-0094){ref-type="ref"}. However, it remains unclear how the regulatory complex assembles on the RNA (it contains several RNA‐binding proteins), how and at what stage it controls translation, and how it is disassembled to subsequently allow translation of Nos.

Regulation of female morphology by fine‐tuning *Notch* translation {#feb212652-sec-0012}
------------------------------------------------------------------

Despite the overall body plan of male and female flies being largely similar, significant differences between the sexes can be observed not only in the gonads but also in other, nonreproductive organs. Some of these sexually dimorphic traits are independent of Tra and Dsx and hence of the female‐specific splicing cascade that is initiated and maintained by Sxl (see above). This includes, for example, the larger body size of females and the number of bristles on abdominal segment A5 [68](#feb212652-bib-0068){ref-type="ref"}, [106](#feb212652-bib-0106){ref-type="ref"}.

To achieve sex‐specific patterning independent of Tra, Sxl negatively regulates the expression of *Notch* (*N*) [68](#feb212652-bib-0068){ref-type="ref"}, an essential transcription factor that controls cell fate and pattern formation during development \[reviewed in [107](#feb212652-bib-0107){ref-type="ref"}\]. Overexpression of Sxl in wing imaginal disks abolishes N expression and exacerbates the *N* wing phenotype---thickened veins and a notch in the wing margin. Conversely, reduction in Sxl expression results in increased N protein levels, suppresses certain *N* phenotypes, and even rescues lethality associated with some hypomorphic *N* alleles. Moreover, alteration of the Sxl expression level affects the number of bristles on the sternite of abdominal segment A5, which is under the control of the N signaling pathway [68](#feb212652-bib-0068){ref-type="ref"}, [108](#feb212652-bib-0108){ref-type="ref"}. This demonstrates that downregulation of Notch signaling by Sxl contributes to sexually dimorphic traits in flies.

Regulation of N by Sxl appears to be direct as Sxl immunoprecipitates *N* mRNA which, similar to *msl‐2*, contains several Sxl‐binding motifs (two in its 5′‐, four in the 3′ UTR) [68](#feb212652-bib-0068){ref-type="ref"}. Also, *N* mRNA harbors multiple upstream initiation codons---cis‐acting RNA elements that in *msl‐2* mRNA are required for strong repression via the 5′ UTR [67](#feb212652-bib-0067){ref-type="ref"}. But again, there is no apparent Unr‐binding motif associated with any of the Sxl‐binding motifs (own, unpublished observations), suggesting that an Sxl‐Unr repressor complex cannot form on *N* mRNA.

Translation regulation of *N* mRNA by Sxl appears to differ from *msl‐2* translational control by several means. In the case of *msl‐2*, translation of the mRNA has to be tightly repressed to shut‐off peptide synthesis and to prevent toxicity associated with formation of the DCC in female flies (see above). In contrast, Notch signaling is essential during development and, to maintain this fundamental signaling pathway, N expression must not be completely shut‐off by Sxl. Formation of a stable repressor complex for persistent and strong translational repression therefore appears unnecessary or even harmful. Instead of completely shutting off translation, it is conceivable that the role of Sxl rather lies in fine‐tuning of N protein synthesis to instruct development of female morphology.

By mutation of individual Sxl‐binding sites, it has been demonstrated that *msl‐2* reporters defective in either 5′ or 3′ UTR‐mediated repression exhibit an attenuated response to Sxl. In contrast to wt *msl‐2* mRNA that shows an almost on/off switch‐like response to Sxl, a more graded translational regulation is observed on these mutant reporters and low levels of DCC formation can be detected in female flies under physiological Sxl protein concentration [56](#feb212652-bib-0056){ref-type="ref"}, [58](#feb212652-bib-0058){ref-type="ref"}, [67](#feb212652-bib-0067){ref-type="ref"}, [74](#feb212652-bib-0074){ref-type="ref"}. This raises the question whether two mutually reinforcing, translation regulatory pathways necessarily have to operate on *N* mRNA (like on *msl‐2* mRNA) or whether some of the Sxl‐binding motifs are nonfunctional in regulation to allow a more graded translational response. The lack of Unr‐binding motifs associated with the Sxl‐binding sites in *N* RNA favors the latter idea; however, the contribution of corepressors other than Unr cannot be ruled out.

Balancing Sxl expression---finding the right concentration for survival {#feb212652-sec-0013}
=======================================================================

Hypomorphic Sxl alleles result in Msl‐2 protein expression and assembly of the DCC in female flies [109](#feb212652-bib-0109){ref-type="ref"}, whereas overexpression of Sxl in female wing imaginal disks abolishes N expression [108](#feb212652-bib-0108){ref-type="ref"}. This implies that Sxl concentrations have to be maintained within a narrow physiological range: too little Sxl and *msl‐2* mRNA will be de‐repressed, too much Sxl and N signaling will be shut off. Both scenarios would be deleterious for female flies. This raises the question of how Sxl expression is kept in check and maintained within adequate and physiological concentrations.

Both positive and negative feedback mechanisms exist that generate a regulatory circuit to maintain Sxl protein levels within homeostatic concentrations. Sxl directs splicing of its own mRNA in the productive, female pattern, generating positive feedback loop to promote its own synthesis (see above). At the same time Sxl can inhibit its own translation [50](#feb212652-bib-0050){ref-type="ref"}, providing negative feedback and balancing Sxl protein concentration. Also, Hrp48, an abundant RNA‐binding protein of the hnRNP A/B family, has been identified as a negative regulator of Sxl expression. It functions as homeotic factor to prevent accumulation of excessive levels of Sxl thus allowing proper N expression and preventing toxicity [108](#feb212652-bib-0108){ref-type="ref"}. It has been proposed that, in order to regulate Sxl expression, Hrp48 requires the Sxl protein itself, such that if Sxl levels become too low, regulation is alleviated [110](#feb212652-bib-0110){ref-type="ref"}. This would provide an additional regulatory mechanism to carefully balance Sxl concentrations and to prevent accumulation of excessive protein levels. Since Hrp48 does neither affect splicing and polyadenylation of the Sxl mRNA, nor its stability [108](#feb212652-bib-0108){ref-type="ref"}, it is likely that it exerts its function via translational control. Hence, it is tempting to speculate that Hrp48 might be yet another corepressor protein that acts together with Sxl.

Sxl as versatile regulator of partnerships and competition {#feb212652-sec-0014}
==========================================================

In sum, Sxl acts as a negative regulator of RNA processing and translation. By blocking utilization of splice sites or polyadenylation elements, Sxl promotes exon skipping (*sxl* mRNA), intron retention (*msl‐2* mRNA), alternative 3′ splice site use (*tra* mRNA), and alternative polyadenylation (*e(r)* mRNA). Despite this apparent similarity, regulation by Sxl differs drastically on the individual mRNAs in terms of cofactor requirement, and strength and duration of regulation. For some RNAs, regulation can be explained by a simple competition with processing factors (*msl‐2* intron retention and *tra* alternative 3′ splice site usage), while other regulatory pathways are complex and involve numerous different regulatory partners (*sxl* exon skipping). In the latter case, regulation is strong with no detectable inclusion of the poison exon in females, while regulated alternative splicing of *tra* and *msl‐2* and APA of *e(r)* is incomplete and significant amounts of the non--sex‐specific mRNA isoforms are still produced.

The same holds true for Sxl‐dependent translational repression in the cytoplasm. Translational control of *msl‐2* mRNA is almost complete and persists throughout the lifetime of female *Drosophila*, requiring continuous regulation and the extraordinary stability of the Sxl‐Unr repressor complex. In contrast, regulation of *nanos* mRNA translation is strong, but spatially and temporally restricted. Only a single Sxl‐dependent regulatory mechanism appears to operate via a 3′ UTR RNA regulatory element, involving corepressors other than Unr. Finally, Sxl‐mediated regulation of *Notch* translation is rather a fine‐tuning of protein synthesis instead of an on/off switch, as full repression of Notch signaling has dire consequences.

It is striking to note, that several RNAs appear to be regulated at multiple levels by Sxl. To maintain physiological protein levels, Sxl controls both, splicing and translation, of its own mRNA creating homeotic feedback. Similarly, *e(r)* expression appears to be regulated by Sxl on the level of RNA processing and translation, adjusting protein levels in the germline. Finally, Msl‐2 protein synthesis is even controlled on three levels to block formation of an active DCC in female flies: in the nucleus, Sxl prevents splicing of an intron that contains regulatory elements to prevent nuclear export; in addition, RNA that escapes to the cytoplasm is translationally silenced. Employing multiple regulatory mechanisms that jointly act to repress Msl‐2 protein synthesis in female flies ensures tight and fail‐safe regulation which is critical for survival of females.

Taken together, Sxl operates as a very versatile regulator of gene expression to tailor peptide synthesis to the cellular requirements. But how can the difference in regulation of its RNA targets be explained? A simple model that takes into account the position and sequence of the Sxl‐binding sites does not suffice to predict the regulatory potential. Although *N* and *msl‐2* mRNA both carry similar Sxl‐binding motifs (that closely match the consensus sequence) within their 5′ and 3′ UTRs [111](#feb212652-bib-0111){ref-type="ref"}, [112](#feb212652-bib-0112){ref-type="ref"}, regulation results either in an almost complete block of translation, or a rather modest repression. In another study, RNAs that harbor comparable regulatory features---a 5′ UTR Sxl‐binding motif associated with a uORF---exhibit varying degrees of regulation in response to Sxl, also ranging from a modest decrease in translation to an almost complete shut‐off [67](#feb212652-bib-0067){ref-type="ref"}. This suggests that the context of the Sxl‐binding sites, additional RNA regulatory elements, and/or the partners that are employed by Sxl strongly influence the outcome of regulation.

To achieve regulation, Sxl often acts as a remodeler of ribonucleoprotein composition, either by competing with and evicting factors that recognize similar RNA elements, or by recruitment of regulatory co‐factors to adjacent sequences, often conveying a sex‐specific function to them. Binding with high affinity to U‐ or GU‐rich sequences, Sxl efficiently antagonizes the binding of RNA processing factors, such as CstF‐64 and U2AF65. But Sxl is not a general inhibitor of these complexes. To promote splicing, U2AF shows a broad binding specificity to be able to recognize the large number of different polypyrimidine tracts that are present in the introns of pre‐mRNAs. In contrast, Sxl has a strong preference for U‐rich sequences interrupted by Gs. Competition between Sxl and U2AF, therefore, is thought to occur only on sequences that resemble Sxl‐binding sites, leaving unaffected the vast majority of polypyrimidine tracts that are recognized by U2AF [111](#feb212652-bib-0111){ref-type="ref"}, [113](#feb212652-bib-0113){ref-type="ref"}. A similar scenario can be envisioned for the regulation of alternative polyadenylation where Sxl and CstF compete: both proteins recognize similar sequences but show different binding site length requirements [111](#feb212652-bib-0111){ref-type="ref"}.

The best studied example for cooperation of Sxl with one of its regulatory partners is the intricate interaction with Unr in the translational repression of *msl‐2* mRNA (Fig. [4](#feb212652-fig-0004){ref-type="fig"}B). Both proteins can independently bind various RNA targets to control gene expression---interaction of Unr with the 3′ UTR of *msl‐2*, however, requires Sxl and binding occurs synergistically [76](#feb212652-bib-0076){ref-type="ref"}, [77](#feb212652-bib-0077){ref-type="ref"}, [83](#feb212652-bib-0083){ref-type="ref"}. In contrast to Unr, binding of the 5′ UTR of *msl‐2* mRNA by the coregulator How occurs independently of Sxl [66](#feb212652-bib-0066){ref-type="ref"}. However, Sxl plays at least an indirect role in its recruitment to *msl‐2*. The How response elements (HREs) are located within the facultative 5′ UTR intron of *msl‐2,* and Sxl‐mediated intron retention preserves them in the mature transcript. But intron retention is not sufficient for How to exert its function in regulating Msl‐2 expression which further requires Sxl [66](#feb212652-bib-0066){ref-type="ref"}.

In most other cases, it remains elusive how Sxl cooperates with its protein partners and regulates their activity to control mRNA processing and protein synthesis. For control of *sxl* alternative splicing, multiple interactions between Sxl and the splicing machinery are reported and regulation possibly involves several mechanisms. However, the molecular details of how Sxl prevents splicing still remain mostly enigmatic. Also, translational control of *nano*s requires proteins in addition to Sxl. Multiple interactions among the regulatory factors suggest formation of a higher order complex. This is thought to include at least three (putative) RNA‐binding proteins: Sxl, Mei‐P26, and Bgcn but it remains unclear whether all three proteins contribute to RNA recognition, and if so, if RNA binding is synergistic and involves RNA sequences in addition to the Sxl‐binding motif.

Finally, it appears as if not all regulatory partners of Sxl have yet been identified. YT521‐B and Hrp48 have been proposed to function together with Sxl in gene regulation [41](#feb212652-bib-0041){ref-type="ref"}, [42](#feb212652-bib-0042){ref-type="ref"}, [110](#feb212652-bib-0110){ref-type="ref"}. Moreover, despite ubiquitous expression of Sxl, regulation of *e(r)* APA is germline specific and potentially involves additional regulatory factors. Also, translational repression via the 5′ UTR of msl‐2 cannot simply be explained by Sxl impeding the progress of scanning ribosomes (roadblock model), implying the requirement for additional regulatory factors. In this context, interactions of Sxl with the translation machinery were detected but functional evidence is still missing [67](#feb212652-bib-0067){ref-type="ref"}. Moreover, interactions of the Glycine‐rich N‐terminal domain of Sxl with hnRNPL and Hrb87F, two abundant RNA‐binding proteins of the hnRNP family, are reported [52](#feb212652-bib-0052){ref-type="ref"}. But so far, no data are available that might hint at the molecular function of these proteins in Sxl‐dependent regulation of gene expression.

Functions of Sxl‐related proteins {#feb212652-sec-0015}
=================================

Intriguingly, the function of Sxl as the master regulator of female development appears to be limited to the *Drosophila* clade. In other insects, the major sex‐determining switch gene is not *Sxl*, but *transformer* [6](#feb212652-bib-0006){ref-type="ref"}, [114](#feb212652-bib-0114){ref-type="ref"}, [115](#feb212652-bib-0115){ref-type="ref"}, [116](#feb212652-bib-0116){ref-type="ref"}. This suggests that the key function of *Sxl* in female development of *D.melanogaster* was evolutionarily acquired rather recently [117](#feb212652-bib-0117){ref-type="ref"}. The change in function also coincides with a gene duplication event that occurred early in Drosophilid evolution, presumably lessening evolutionary pressure on *Sxl* and allowing it to evolve more rapidly to adopt its function as a master regulator of female development [117](#feb212652-bib-0117){ref-type="ref"}, [118](#feb212652-bib-0118){ref-type="ref"}.

The ancestral, non--sex‐specific function of *Sxl*, however, still remains enigmatic. Insights might be provided by functional analysis of the paralog originating from the gene duplication event, *sister of sex‐lethal* (*ssx*) [117](#feb212652-bib-0117){ref-type="ref"}. Sxl and Ssx proteins share a high degree of identity between their central domains that encompass the two RRMs, the N‐ and C‐terminal domains are, however, quite distinct. *Ssx* is a nonessential gene and its knockout shows no apparent phenotype under standard laboratory conditions [117](#feb212652-bib-0117){ref-type="ref"}; but its knockdown increases sensitivity to infection by gram‐positive bacteria and suggests a function in immunity [119](#feb212652-bib-0119){ref-type="ref"}.

Sxl is related to the ELAV (embryonic lethal, abnormal visual system)/Hu RNA‐binding proteins, a phylogenetically highly conserved protein family with three members in *Drosophila* (ELAV, FNE, and RBP9) and four in mammals (HuB, HuC, HuD, and HuR). Many of them are expressed in the nervous system where they regulate neuronal differentiation and synaptic plasticity. Alike to Sxl, they shuttle between the cytoplasm and the nucleus to regulate various aspects of gene expression, including splicing, polyadenylation, RNA stability and localization, and translation \[reviewed in [120](#feb212652-bib-0120){ref-type="ref"}, [121](#feb212652-bib-0121){ref-type="ref"}, [122](#feb212652-bib-0122){ref-type="ref"}\].

Several aspects of regulation by ELAV/Hu proteins share striking similarities with Sxl‐mediated post‐transcriptional control of gene expression. The two *Drosophila* proteins ELAV and FNE establish an autoregulatory feedback loop by binding the 3′ UTR of their own transcripts. This prevents excessive protein accumulation which otherwise would result in lethality [123](#feb212652-bib-0123){ref-type="ref"}, [124](#feb212652-bib-0124){ref-type="ref"}, [125](#feb212652-bib-0125){ref-type="ref"}. In mammals, nuclear Hu proteins control the neuron‐specific splicing of the *calcitonin*/*CGRP* gene. By competing with TIA‐1/TIAR for binding to a U‐rich sequence, they promote exon skipping resulting in synthesis of the neurotransmitter CGRP instead of the peptide hormone calcitonin [126](#feb212652-bib-0126){ref-type="ref"}. Similarly, Hu proteins can promote exon skipping in the *NF1* mRNA by interfering with TIA‐1 and U2AF binding [127](#feb212652-bib-0127){ref-type="ref"}, in much the same way as observed for Sxl. And finally, both human Hu proteins and Drosophila ELAV can regulate alternative polyadenylation [128](#feb212652-bib-0128){ref-type="ref"}, [129](#feb212652-bib-0129){ref-type="ref"}, however, in this case, a simple competition with CstF‐64 does not suffice to explain regulation.

The close relationship between Sxl and other ELAV proteins is further revealed by partially overlapping functions. They recognize and bind to U‐rich RNA sequences and, when coexpressed, Sxl can induce neuron‐specific alternative splicing of an ELAV target mRNA. Moreover, heterozygosity for RBP9 and Sxl results in female lethality. Importantly, this can be rescued by genetically interfering with DCC formation, suggesting that RBP9 can function in Msl‐2 repression [130](#feb212652-bib-0130){ref-type="ref"}.

Since the discovery of Sxl almost 40 years ago [1](#feb212652-bib-0001){ref-type="ref"}, Sxl‐based research has yielded invaluable insights into the mechanisms and fundamental principles of diverse aspects of post‐transcriptional gene regulation. But despite the impressive progress, still many important questions remain to be explored. In many cases our understanding of the mechanisms and molecular details of Sxl‐mediated regulation is still very limited. Moreover, Sxl‐binding sites are predicted in hundreds of different transcripts [16](#feb212652-bib-0016){ref-type="ref"}, [55](#feb212652-bib-0055){ref-type="ref"}, [67](#feb212652-bib-0067){ref-type="ref"}, but it remains unclear how many of them are directly controlled by Sxl. Yet, the presence of so many potential targets indicates that Sxl‐dependent regulation might be much more broadly employed to regulate gene expression in female flies than previously anticipated. If so, does regulation follow the same principles that were established on the known and well‐characterized targets, or are different Sxl‐mediated control mechanisms and coregulators just waiting to be identified? The next decades of research on Sxl will sure stay exciting!
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